Bone marrow (BM)-resident hematopoietic stem and progenitor cells (HSPCs) are known to enter the blood and to home back to the BM. However, whether these migratory HSPCs also follow extramedullary traffic routes is unknown. Our group has recently shown that mouse thoracic duct (TD) lymph contains clonogenic HSPCs that possess short-and long-term multilineage reconstitution capacity in primary and secondary transplantation assays. Using BM transplantation, homing experiments, and parabiotic mice, we established that TD HSPCs originate in the BM and traffic constitutively to multiple extramedullary tissues, where they reside for several days until entering draining lymphatics to return to the blood. While these migratory properties of HSPCs resemble those of lymphocytes, circulating HSPCs access different target tissues because, unlike lymphocytes, they do not require secondary lymphoid organs to recirculate. The egress of HSPCs from extramedullary tissues into lymph depends on sphingosine-1-phosphate (S1P) receptors, particularly S1P 1 . We have shown that under physiological conditions migratory HSPCs contribute to the continuous restoration of specialized hematopoietic cells that reside in peripheral tissues. Upon exposure to tolllike receptor (TLR) agonists, migratory HSPCs proliferate locally within extramedullary tissues and generate innate immune effector cells. Thus, HSPCs can survey peripheral organs to replenish tissue-resident hematopoietic cells and act as a source of mature leukocytes during host defense against pathogens.
Introduction
Blood cell homeostasis depends on a rare population of precursor cells, the hematopoietic stem and progenitor cells (HSPCs), which possess the capacity for self-renewal and multilineage differentiation. HSPCs are thought to reside mostly in specialized niches in bone marrow (BM) cavities. Nonetheless, a considerable number of HSPCs constitutively migrate out of the BM and enter the blood. For example, in adult mice, the blood contains a small, but relatively stable population of several hundred HSPCs, which upon transplantation to irradi-ated recipients are capable of long-term reconstitution (LTR) of hematopoietic activity. 1 Since the blood residence time of individual HSPCs is on the order of minutes, the daily turnover of HSPCs that enter and leave the bloodstream is considered to be high. 2 It is commonly assumed that the BM is the exclusive physiological source and destination of blood-borne HSPCs. However, our sparse knowledge of HSPC trafficking does not rule out that circulating HSPCs migrate also to extramedullary sites. A working example is lymphocytes, another stable blood leukocyte population with a short circulation half-life. 3 Lymphocytes extravasate continuously into multiple lymphoid and nonlymphoid tissues, including the BM. Many tissue-resident lymphocytes eventually return to the blood via lymphatics that drain into the thoracic duct (TD) or other large lymph conduits. Our group recently examined whether blood-borne HSPCs might follow similar extramedullary traffic patterns as lymphocytes (Fig. 1) .
Hematopoietic Stem and Progenitor Cells Travel in the Lymph of Adult Mice
Initially, we surmised that if HSPCs recirculate through extramyeloid tissues in a way similar to mature leukocytes (including lymphocytes and dendritic cells), then they, too, might become lymph borne. Indeed, we found that murine lymph collected from the TD contained up to 4% Lin − CD45 + mononuclear cells (MNCs). 4 [6] [7] [8] [9] Having established that lymph-borne HSPCs possess BM-tropism akin to their blood-borne counterparts, we set out to explore their functional engraftment capacity. We transplanted TD-MNC from CD45.2 + donors into sublethally irradiated CD45.1 + congenic recipients. After 6 weeks, about 15% of Gr-1 + peripheral blood granulocytes were donor derived, indicating that lymph-borne HSPCs in fact possess myeloid differentiation potential. 2, 10 In addition, we found that lymph-derived HSPCs are also able to give rise to T cells after transplantation. Correspondingly, TD-MNC from athymic B6 nude/nude mice were able to reconstitute a near-normal T-cell repertoire 6 weeks after transplantation into lethally irradiated Rag2 −/− γc −/− mice (which possess a functional thymic anlage but are genetically incapable of generating lymphocytes 11, 12 ). This indicates that murine lymph contains multipotent progenitor cells that are able to give rise to both myeloid and lymphoid cells. Notably, lymph contains not only hematopoietic progenitor cells but also some long-term multilineage repopulating HSPCs that meet the functional criteria of true hematopoietic stem cells, as we showed by secondary transplantation assays.
HSPCs Constitutively Travel to Various Nonlymphoid Tissues
Based on the above observations that HSPCs apparently recirculate between blood and lymph similar to naive lymphocytes, it seemed reasonable to speculate that both populations might share the peripheral transit routes guiding them from blood into lymphatics. Naive lymphocytes have to home to lymph nodes or Peyer's patches before they gain access to lymph vessels. Consequently, the number of mature lymphocytes is dramatically reduced in lymph of lymphotoxin (LT)-α-deficient mice, which lack these lymphoid tissues. 13 However, we found that unlike mature lymphocytes, HSPCs are still detectable in the TD lymph of LT-α-deficient mice. Thus, HSPCs, in contrast to lymphocytes, do not require secondary lymphoid organs to recirculate.
Next, we employed several strategies to ask where and how HSPCs might leave the blood and pass through extramedullary tissues into the lymph. First, we surveyed cell suspensions of different murine tissues for the presence of HSPCs using CFU-C assays. Clonogenic progenitors were readily detectable in many tissues, including the lung, liver, small intestine, and kidneys. Virtually all clonogenic tissue HSPCs were BM derived, since colonies uniformly expressed GFP in chimeric wild-type recipients of GFP + BM. Based on the numbers of clonogenic cells recovered from various tissues, we estimate that the total number of HSPCs resident in extramedullary nonlymphoid tissue is at least twice as large as the number of HSPCs estimated to circulate in murine blood. 2 To examine whether tissue HSPCs arise from blood-borne migratory HSPCs, we generated pairs of parabiotic mice, in which one partner expressed ubiquitous transgenic GFP. Cross-circulation was established by day 3 after surgical joining, and the host : partner (i.e., GFP + : GFP − ) ratio both of mature leukocytes, but also of HSPCs in blood, plateaued at about 3:2 (corresponding to 40% chimerism) between days 10 and 14.
2 In extramedullary tissues of parabiotics, the highest level of HSPC chimerism was seen in the spleen, followed by the lungs, liver, and kidneys. This indicates that tissue HSPCs are constitutively replenished by the pool of HSPCs that circulate in the blood. At least some of these blood-derived HSPCs are not permanently retained in extramedullary tissues, but recirculate freely via lymph and blood compartments, because we also detected marked HSPC chimerism in the lymph (and blood, see above) of parabiotic mice. Again using parabiotics, we established that the mean dwell time of HSPCs that have homed to peripheral tissues is approximately 48 h. Together, these findings suggest that many nonlymphoid organs (in addition to the BM, which lacks lymphatic drainage) are sites of active HSPC trafficking from blood to tissue to lymph.
Next, we wanted to address the mechanisms that regulate HSPC recirculation. Interestingly, we found that treatment of mice with pertussis toxin (PTX) for only 6 h led to a nearly complete disappearance of HSPCs from lymph. This implied an essential role for a Gαi-coupled signal that directs tissue-resident HSPCs into draining lymphatics. Recent studies have shown that tissue-resident lymphocyte egress into lymphatics is controlled by S1P 1 , a Gαi-coupled receptor for sphingosine 1-phosphate (S1P).
14-16 Using RT-PCR, we found that murine HSPCs, like resting lymphocytes and human HSPCs, 17 express S1P 1 mRNA, and migrate toward an S1P gradient in vitro. Thus, we asked whether S1P signaling might influence HSPC recirculation. Remarkably, treatment of mice with FTY720 (which targets the S1P receptors S1P 1 , 3 , 4 , and 5 ) or with SEW2871 (which selectively targets S1P 1 ) nearly completely abolished the appearance of lymph-borne HSPCs. At the same time, treatment of mice with FTY720 resulted in a significant increase in the number of HSPCs residing within extramedullary tissues. Together, our observations clearly suggested that S1P receptors, particularly S1P 1 , regulate the egress of HSPCs from tissue into the draining lymphatic vasculature.
HSPCs Give Rise to Myeloid Cell in Peripheral Tissues
All of the above findings clearly suggested that there is a constitutive recirculation of HSPCs between BM, blood, extramedullary tissues, and lymph compartment. But what is the purpose? To address this important question, we next asked whether HSPCs might give rise to mature hematopoietic cells once they had entered extramedullary tissues. To find this out, we isolated different populations of HSPC-enriched GFP + cells from the lymph or BM and transplanted them under the kidney capsule of recipient mice. The contralateral kidney was treated with medium without cells and was used as a control. Notably, a sizeable number of GFP + progeny were detected 6 days later in the kidney that was injected with GFP + HSPCs, while only few GFP + cells were observed in the medium-injected, contralateral control kidney. Virtually all GFP + cells in injected kidneys co-expressed the panhematopoietic marker CD45, indicating that they had retained their hematopoietic origin, and more than 50% of the GFP + cells coexpressed myeloid lineage markers. This shows that, after deposition within tissues, HSPCs have the capacity to differentiate locally into myeloid hematopoietic lineages.
Migratory HSPCs might, therefore, help to constitutively replenish specialized tissueresident myeloid cells under steady-state conditions. However, in a next set of experiments we revealed that the migratory pool of HSPCs might play an even more important role during tissue infection. Seminal work by Paul Kincade's lab had previously established that HSPCs express toll-like receptors (TLRs) and their coreceptors, including TLR4, MD-2, and CD14, required for recognition of bacterial lipopolysaccharide (LPS). 18 His group reported that TLR signaling drives differentiation of HSPCs into myeloid lineages in vitro. Based on these observations, we speculated that migratory HSPCs that encounter TLR ligands within extramedullary tissues might act as a highly versatile local source to rapidly replenish innate immune cells during infection. To test this hypothesis, we injected both kidneys with LPS and then implanted distinct subsets of TD-or BM-derived, HSPC-enriched GFP + cell populations underneath the one kidney capsule, whereas medium without cells was injected into the contralateral control kidney capsule. Six days later, large numbers of GFP + cells were found in the LPS-treated kidney injected with HSPCs, while comparably low numbers of GFP + cells were found in the contralateral control kidney, treated with LPS without cells. The vast majority of the GFP + cells expressed myeloid lineage markers. Notably, the numbers of all GFP + cells and of myeloid GFP + cells were significantly higher after implantation of HSPCs together with LPS compared to kidneys injected with the same subset of GFP + HSPCs without LPS. This already strongly suggested that implanted HSPCs had proliferated locally within the tissue after TLR ligand engagement. Correspondingly, the majority of the cells of each of the GFP + clusters found within the kidneys that were treated with LPS and HSPCs incorporated 5-bromo-2-deoxyuridine (BrDU) into their nucleus and stained positive for Ki-67, implying that in the presence of TLR ligands HSPCs indeed proliferate locally.
Notably, LPS not only amplified local proliferation of HSPCs in extramedullary tissues, but also prevented the exit of clonogenic HSPCs out of peripheral tissues. This was, at least in part, due to interference with S1P-S1P 1 signaling in recirculating HSPCs. Correspondingly, incubation of HSPCs with LPS was associated with a down-regulation of S1P 1 , paralleled by failure of LPS-treated HSPCs to chemotax toward a gradient of S1P. Hence, LPS recognition not only triggers local proliferation and differentiation (see above), but also disrupts the normal S1P-dependent signaling cascade and leads to retention of HSPCs within extramedullary tissues.
Discussion
Our results establish a previously unknown migratory route of HSPCs. We show that HSPCs traffic constitutively to multiple extramedullary tissues, where they remain for approximately 2 days until they enter the draining lymphatics to return to the blood. HSPCs express multiple traffic molecules, including PSGL-1, VLA-4 (CD49d/CD29), LFA-1 (CD11a/CD18), CD44, and the chemokine receptor CXCR4, which are likely to direct HSPCs into nonlymphoid tissues. 19 However, the exact recruitment mechanism(s) responsible for HSPC trafficking from blood into extramyeloid tissues will have to be elucidated in future.
Our present findings show that the signaling lipid S1P plays a pivotal role during the subsequent departure of tissue-resident HSPCs into lymphatics. It has been shown previously that steep S1P gradients exist between interstitial fluid and lymph in various tissues, which is established and maintained by the enzyme S1P lyase. 20, 21 This S1P gradient regulates the egress of mature lymphocytes from the thymus, spleen, and lymph nodes. 20, 21 Our data now suggest that HSPCs also sense this gradient through their S1P receptors, particularly S1P 1 , which guides them out of nonlymphoid tissues into efferent lymph vessels. Interestingly, S1P gradients are also required for the migration of bilateral heart progenitors in zebrafish, 22, 23 indicating that guidance signals provided by extracellular lipids, such as S1P, may represent a conserved navigation mechanism for migrating stem and progenitor cell populations.
All of these findings suggested that there is a constitutive migration of BM-derived HSPCs across blood, nonlymphoid tissues, and lymph. In conclusion, we show here that HSPCs constitutively survey extramedullary nonlymphoid tissues. Our results raise the possibility that in the absence of infection migratory HSPCs contribute to the continuous restoration of specialized hematopoietic cells that reside in peripheral tissues. During tissue infection, the migratory pool of HSPCs might act as an immediate and highly adaptive source of progenitor cells that proliferate locally and generate innate immune effector cells. It will be important to determine how HSPC traffic within peripheral tissues is influenced by and may modulate the course of infectious diseases and of other acute or chronic inflammatory conditions. Hence, hematopoietic stem cells are actually a part of the immune system, rather than just giving rise to it.
